In this paper, single solder joints ͑SSJs͒ were subjected to moderate speed loading ͑5 mm/s͒ in different directions, from pure tensile mixity mode to pure shear. Fracture surfaces from different loading directions were examined both experimentally and numerically. The intermetallic compound ͑IMC͒ is formed between the solder alloy and the Cu pad, and the failure typically occurs at or near the solder/ IMC/Cu interfaces of the board side. Pure tensile loading typically leads to interfacial fracture along the IMC/Cu interface. Mixity mode loading usually results in a mixture of interfacial and cohesive failure with damage propagating in a zigzag fashion between the solder/IMC interface and the solder alloy. Loading with higher shear component tends to result in more cohesive failure of the solder alloy near the solder/IMC interface. Under pure shear loading, failure is almost always cohesive within the solder alloy near the solder/IMC interface.
Introduction
Due to the stiffer and more brittle characteristics of lead-free solder alloys, the solder joints of portable electronic products are prone to drop and impact damage ͓1-6͔. This is further compounded by packaging miniaturization, which reduces the amount of solder material available to absorb shock energy. It has been found that when a portable device drops on the floor, the local strain rate within a solder joint may vary between 1 and 1000 s −1 , depending on the drop height, orientation, and the properties of the floor surface ͓7͔. The failure behavior of solder joints subjected to high strain rates has been studied extensively ͓8-12͔.
The tests are typically the ball grid array ͑BGA͒ component drop/impact tests at the board level, while the failure usually initiates at the solder joint level. Thus understanding the failure process of a single solder joint ͑SSJ͒ may lead to a more detailed damage mechanism. In the meantime, the high-speed pull and shear impact tests have also been utilized to evaluate the failure mode of the solder joints ͓13-17͔. In reality, solder ball interconnections may be subjected to the combined tensile, shear, and peeling stresses. Therefore a realistic assessment of solder ball integrity should consider the loading components simultaneously. However, there is very little study on the failure behavior of solder joint under different loading mixities at an intermediate strain rate range between 1 and 100 s −1 . The larger loading mixity indicates a greater shear component but a less normal component. Therefore, there has been a critical need to understand failure modes and mechanism of a SSJ subjected to dynamic loading mixity at intermediate strain rate.
In this study we report some results regarding failure mode under a moderate strain rate and how the failure mode changes under different combinations of normal and shear loading. The SSJs were subjected to velocity controlled loading. The optical microscopy on fracture surface was conducted to verify the failure mode. To interpret the experimental observations, the finite element analysis was performed to understand the failure mechanism during the dynamic loading process.
Experimental Procedures
The SSJ samples used in this study were laser-cut from a BGA package assembled on a printed circuit board ͑PCB͒. A schematic of the finished SSJ is shown in Fig. 1͑a͒ . The commercial Sn-4.0Ag-0.5Cu ͑SAC405͒ solder alloy was used with the SSJ failure to occur along the PCB interfaces. This was accomplished by designing the BGA package-solder ball interface area greater than the solder joint-PCB interface area, commonly referred to as the solder joint aspect ratio. The SSJ samples are loaded using a high-speed loading frame equipped with a specially design test apparatus. Samples can be gripped in different orientations so that the loading angle between the loading direction and the PCB surface can vary with 0°corresponding to pure tension and 90°corresponding to pure shear.
Another unique feature of the test apparatus is that the load is not applied to the SSJ sample until the grip has reached the desired speed. This removes the inertia of the load frame and applies a true impact load to the SSJ sample with known velocity.
In this study, tests were conducted under four loading angles of 0°, 30°, 60°, and 90°to investigate the effect of loading mixity. The board substrate of the SSJ was fixed, while the substrate at the package side was subjected to the velocity loading. The grip was set to move at 5 mm/s. The reaction force measured by the load sensor attached to the grip was recorded every 2 ϫ 10 −4 s. The corresponding grip displacement was also recorded to obtain the force versus time or force versus displacement curve. The crosssectional optical microcopy was conducted on the SSJ samples both before and after the dynamic test. Figure 1͑b͒ illustrates the measured force-displacement curves due to different loading mixity at 5 mm/s. Basically, the peak force continues to decrease with the larger loading mixity, namely, the greater shear component. On the contrary, the time of the peak force occurrence increases with the larger loading mixity. In addition, the full failure displacement for shear test is much larger than that of pure tensile test. These results indicate that the different failure mode may take place under different loading mixity, which will be stressed in detail below based on the fracture surface observations. Figure 2͑a͒ shows the microstructure of a SSJ before testing. The intermetallic compound ͑IMC͒ was formed at both PCB board and package sides, acting as the metallurgical interconnection. The nonhomogeneous microstructure of solder alloy consists of ␤-Sn, ͑␤-Sn+ Ag 3 Sn͒ eutectic, and ͑␤-Sn +Ag 3 Sn+ Cu 6 Sn 5 ͒ eutectic phases. Large-needle-shaped Ag 3 Sn particles are also observed, which is at- tributed to the high initial Ag content in SAC405 and the solidification process ͓18͔. Figure 2͑b͒ is a polarized image showing that there are only a few grains in a SSJ. The different contrast of these grains represents different grain orientations. Such high non-homogeneous grain structure will partially affect the material property of the small size lead-free solder ball.
Results and Discussion
In order to investigate the effect of loading mixity, four different loading directions were used, that is, 0°͑pure tensile͒, 30°, 60°, and 90°͑pure shear͒. It is found that the majority of SSJ samples failed at the interfaces of the board side. Figures 3-6 illustrate the failure behavior of the SSJ samples under the loading rate of 5 mm/s at different loading angles.
It is seen from Fig. 3͑a͒ that under pure tensile loading, the damage develops along the IMC/Cu interface of the board side. Almost all the IMC is attached with the solder ball, while only little IMC residue is probed on the Cu pad, as shown in Fig. 3͑b͒ and 3͑c͒ . Thus a brittle interfacial fracture along the IMC/Cu interface of the board side is suggested. Figure 4 shows a SSJ sample failed under a loading angle of 30°. Again, failure occurs at the board side; see Fig. 4͑a͒ . However, the fracture surface is no longer at the IMC/Cu interface. Its zigzag path alternates between the solder alloy and the solder/IMC interface, as illustrated in Fig. 4͑b͒ . Under a higher loading angle of 60°, the facture path shows the similar zigzag form with more cohesive failure within the solder alloy; see Fig. 5͑a͒ and 5͑b͒ . Under pure shear loading at 90°, failure occurs almost entirely within the solder alloy near the solder/IMC interface, as shown in Fig. 6͑a͒ and 6͑b͒. In addition, Figs. 4͑a͒, 5͑a͒, and 6͑a͒ also show the plastic deformation behavior of the solder ball due to the shear component of the angular loading. The higher the loading angle, the more severe the shear deformation.
In summary, under the loading speed of 5 mm/s, pure normal tension leads to a brittle interfacial failure of the IMC/Cu pad interface. Higher loading angle, which corresponds to a larger shear component, leads to a more cohesive failure within the solder alloys, while pure shear loading results in almost entirely cohesive failure. At the high drop/impact loading rate, the failure of lead-free solder joint is usually brittle and occurs at the IMC/substrate interface regardless of the loading mixity ͑e.g., tension or shear͒ ͓1-4,8-10͔. Our experimental results show that at the moderate strain rate as the solder joint studied herein, the loading mode will be sensitive to the loading mixity.
To better understand and interpret the experimental observations discussed above, the testing under different loading mixities was simulated using the finite element method. The simulation was conducted using the commercial software ABAQUS ® . The three-dimanional ͑3D͒ geometry of a typical SSJ is shown in Fig. 7͑a͒ . A 3D finite element model is then constructed for a SSJ. The following components are included in this model: Substrates at package and board sides, Ni finish at package side, Cu pad at board side, SAC405 lead-free solder ball, solder mask, and IMC layers between solder and Cu pad at board sides. Figure 7͑b͒ depicts a close-up configuration of the interfaces at both package and board sides. All relevant
FIG. 5-Failure occurs along the path of (solder/ IMCϩ solder matrix) at board side under the loading mixity of 60°: (a) Solder joint at package side; (b) residue Cu pad at board side.
geometric dimensions and materials properties are listed in Tables 1-3. The intermetallic compound is regarded as Cu 6 Sn 5 at board side. Their properties are determined based on the first-principles calculation ͓19͔. In particular, the SAC405 solder is modeled as elastic-plastic using classic metal plasticity law, which is extracted inversely by fitting the experimental force-displacement curve. The results are illustrated in Table 4 . To simulate a dynamic loading, the bottom surface of the finite element model is constrained in x-, y-, and z-directions, which mimic the situation where the bottom of the sample is glued to a rigid substrate. A velocity of 5 mm/s is prescribed for all the nodes on the top surface of the finite element model.
In order to reveal the plastic deformation or stress fields clearly, cross-sectional illustrations are presented below. The stress field is expected to indicate the potential site for the damage initiation, while the equivalent plastic strain ͑PEEQ͒ at the solder alloy is employed to show the possible damage propagation path qualitatively. The corresponding simulation results are presented in Figs. 8-11 . Figure 8͑a͒ and 8͑b͒ shows the plastic deformation and von Mises-stress contours under pure tensile loading ͑0°͒, respectively. It can be seen that the maximum stress concentration is formed at the edge of solder/IMC/Cu pad interfaces of the board side. Figure 8͑c͒ illustrates the close-up of the von Mises-stress field at the interface area of the board side. At the package side, no severe stress concentration is observed. This indicates that the solder/IMC/Cu interfaces at the board side is the dangerous site for the damage initiation, which is consistent with the experimental observations. The maximum plastic deformation is mainly located at the edge of the interface between the solder alloy and the IMC layer and expands towards the solder alloy. Interestingly, at the board side, the solder alloy adjacent to the IMC layer does not suffer a remarkable plastic deformation, as shown in Fig. 8͑a͒ . Since the plastic deformation in the adjacent ductile layer ͑SAC405 lead-free solder alloy͒ has remarkable toughening effect on the interface fracture ͓2,13͔, it can be concluded that the SSJ is more susceptible to the brittle interfacial fracture along the IMC/Cu interface under high pure tensile loading.
Under the loading mixities of 30°and 60°, the maximum stress concentration still exists at the edge of solder/IMC/Cu interfaces. However, due to the shear stresses, the asymmetry stress contours are formed, as shown in Figs. 9͑b͒ and 10͑b͒ . In Figs. 9͑b͒ and 10͑b͒ , the maximum stress concentration is located at the right edge of the board side interfaces, which corresponds to the damage initiation site. In addition, the shear stress also leads to an asymmetry plastic deformation contour of the solder alloy, as shown in Figs. 9͑a͒ and 10͑a͒. A relatively severe plastic deformation at the left edge of the package side is also formed. The maximum plastic deformation occurs at the right edge of the board side, which may also engender the damage initiation at that location.
It is interesting to notice that the plastic deformation of the solder alloy adjacent to the IMC layer is also altered. That is, the plastic deformation area of solder ball adjacent to solder/IMC interface tends to be enhanced with loading angle ͑or larger shear component͒. Obviously, this will make the damage propagation shift up to the solder/IMC interface or even the solder alloys. Due to the different magnitudes of the plastic deformation along the solder/IMC interface, as shown in Figs. 9͑a͒ and 10͑a͒, zigzag damage propagation along the path ͑solder/IMC interface+ solder matrix͒ may occur. This simulation result is consistent with the microstructure observations shown in Figs. 4͑b͒ and 5͑b͒. Under the pure shear loading ͑90°͒, as shown in Fig. 11͑a͒ , the maximum plastic deformation lies on the solder ball area adjacent to IMC layer, which is more effective to release the solder/IMC interfacial energy by the solder alloy. This will result in an entire cohesive failure within the solder alloys, which is also consistent with the experimental results shown in Fig. 6͑b͒ .
Conclusions
The damage behavior of a SSJ subjected to different loading mixities at 5 mm/s rate is investigated in this work. It is found that the failure typically occurs at or near the solder/IMC/Cu interfaces on the board side. Simulation result also shows that the maximum stress concentration occurs at the solder/IMC/Cu interfaces on the board side, which corresponds to the dangerous sites for the damage initiation. Pure tensile loading typically leads to interfacial fracture along the IMC/Cu interface. Mixed mode loading usually results in a mixture of interfacial and cohesive failure with damage propagating in a zigzag fashion between the solder/IMC interface and the solder alloy. Loading with higher shear component tends to result in more cohesive failure of the solder alloy near the solder/IMC interface. Under pure shear loading, failure is almost always cohesive within the solder ball near the solder/IMC interface. The failure mode transition is attributed to the plastic deformation alteration of solder alloy adjacent to the IMC layer on the board side. 
